Background: Poor sleep is common in the ICU setting and may represent a modifiable risk factor for patient participation in ICU-based physical therapy (PT) interventions. This study evaluates the association of perceived sleep quality, delirium, sedation, and other clinically important patient and ICU factors with participation in physical therapy (PT) interventions.
Background
Prolonged immobility is common in critical illness [1] [2] [3] and associated with intensive care unit (ICU)-acquired weakness [4, 5] which, in turn, is associated with functional impairments and poor health-related quality of life after hospital discharge [5] [6] [7] . Recent evidence has demonstrated that early mobilization in the ICU is feasible and safe [8] [9] [10] [11] [12] , and may lead to reductions in delirium [9, 10] , duration of mechanical ventilation [9, 13] , and ICU length of stay [10, [13] [14] [15] [16] , along with improved outcomes following hospital discharge [17] .
Despite the potential benefits of early mobilization, various patient-related factors have been identified as potential barriers to physical therapy (PT) interventions in the ICU, including higher oxygen requirements, continuous renal replacement therapy, multi-organ dysfunction, and sedating medications [18, 19] . Poor sleep quality, which is common in ICU patients [20] , negatively affects physical functioning among those who are not critically ill [21, 22] . This observation has led to speculation that sleep may be an important and modifiable barrier to ICU-based PT interventions [23] ; however, this association has not been empirically evaluated. Hence, as part of a prospective ICU quality improvement project [24] , we evaluated the association of perceived sleep quality, along with delirium, sedation and other relevant factors, with subsequent participation in PT interventions.
Methods

Project setting and design
This analysis examines the association between perceived sleep quality, delirium, sedation and other clinically important patient and ICU factors with patient participation in physical therapy (PT) interventions in the ICU. This secondary data analysis was performed as a part of a multi-faceted sleep quality improvement (QI) project that occurred in the Johns Hopkins Hospital Medical ICU (MICU) over 201 consecutive days from January to July 2010 [24] . At the time of this project, the MICU had 16 private rooms and a 1:2 registered nurse (RN) to patient ratio. Importantly, this MICU has a structured early mobilization program that includes daily monitoring of patients' status with respect to eligibility for, and receipt of, PT interventions.
The sleep QI project evaluated consecutive patients spending at least one night in the MICU. To evaluate whether sleep quality influenced participation in PT interventions, we evaluated the subset of patients admitted to the MICU with a sleep assessment done immediately prior to a day on which their PT status or MICU disposition was recorded. Only data from patients' first MICU admission were included.
Primary outcome: participation in PT interventions
During the study period, all patients were screened for eligibility for PT consultation using a standardized protocol [25] . Within 24 hours of an order for PT consultation, patients began daily assessments by a physical therapist, including an assessment for medical stability that included review of hemodynamic and respiratory status, relevant laboratory data, and interim history [25, 26] . Daily PT interventions were tailored to the level of impairment and activity tolerance of each patient.
PT status was recorded, on a daily basis, as a 5-level categorical variable: (1) eligible for PT and participated in a PT intervention, (2) eligible for PT and did not participate in a PT intervention, (3) ineligible to participate in a PT intervention (e.g., no order for PT, no PT staff available, or patient admitted after 2 pm), (4) discharged from the ICU, or (5) died in the ICU.
Exposure variables
Perceived sleep quality was assessed daily using the Richards-Campbell Sleep Questionnaire (RCSQ), a validated 5-item questionnaire utilizing a 100-mm visual-analogue scale to evaluate sleep depth, latency, efficiency, quality, and number of awakenings. Higher RCSQ scores represent better sleep and the average of all scores represent overall sleep quality [27] . Each day, all non-comatose, non-delirious patients were asked to complete the RCSQ describing the previous night's sleep. If the patient was delirious or unable to complete the survey due to communication barriers (i.e., non-English speaking or unable to use a writing instrument), the night shift nurse completed the RCSQ, based on prior studies demonstrating high patient-nurse agreement on the RCSQ in non-delirious patients [28, 29] .
Other ICU exposure variables included delirium and coma, which were assessed twice daily by trained MICU nurses using the Confusion Assessment Method for the ICU (CAM-ICU) [30] and Richmond Agitation Sedation Scale (RASS) [31] , respectively. Morning delirium status, recorded prior to any attempted PT intervention, was analyzed as a binary variable; if the morning assessment was not recorded, the prior day's evening assessment was used. Coma was defined as a RASS score of −4 or −5, as in prior research [32] .
Additional ICU exposure variables included overnight mechanical ventilation status (binary variable), and administration of infusions and as-needed bolus doses of benzodiazepine and opioid medications on the day prior to attempted PT. Benzodiazepine and opioid infusions were co-administered on 356 of 2020 (18 %) total patientdays, which comprised 95 % of the 373 patient-days (18 % of total patient-days) on which patients received benzodiazepine infusions. Therefore, benzodiazepine and opioid infusions were combined into a single "sedation infusion" variable. Propofol and dexmedetomidine infusions were rarely used in this MICU during the project and, hence, were not evaluated in this analysis. The following baseline demographic and ICU covariates also were included in the analysis: age, gender, race, pre-ICU admission ambulation status, and ICU admission diagnosis category.
Statistical analysis
Data were summarized using median and interquartile range for continuous variables and proportions for categorical variables, with statistical comparisons of data performed using Wilcoxon rank sum and chi-squared tests, respectively.
We used a first-order Markov model [33] to estimate the probability of participating in PT intervention, not participating in PT intervention, or being ineligible to participate in PT on a given day, and then moving to one of the following five states on the subsequent day: participating in PT intervention, not participating in PT intervention, being ineligible to participate in PT, ICU discharge, or death.
This first-order Markov model was fit using a multinomial regression model, including fixed effects for the PT status on the immediately preceding day and a robust variance estimate to account for within-patient clustering of repeated daily assessments. We were specifically interested in comparing the exposures influencing participation vs. non-participation in PT interventions, among those patients eligible for PT interventions, while treating the other states as competing risks for this analysis. Therefore, in the multinomial model, the reference category for the daily PT status outcome was set to "not participating in PT intervention" and we report the relative risk ratio (RRR) comparing participation in PT vs. not participation in PT, for each of the exposure variables. For the bivariable analysis, each exposure variable was analyzed individually, and for the multivariable analysis, all the exposure variables were included as covariates.
Appropriate modeling of continuous variables was confirmed by evaluating their linear association with the log odds of participation in PT, using a locally weighted scatterplot smoothing (LOWESS) plot [34] . The absence of multicollinearity among variables in the regression model was confirmed using variance inflation factors. Potential statistical interactions between the primary outcome and sleep quality, mechanical ventilation status, administration of benzodiazepines and opioids, and participation in PT interventions on the prior day were assessed by including interaction terms in the Markov model; a statistically significant interaction was noted between delirium and benzodiazepine bolus doses and was included in the final multivariable model.
Additionally, to evaluate for potential rater bias, we performed a sensitivity analysis of the primary regression model including only patient-completed RCSQs. Finally, to compare baseline and intensive care variables stratified by patient-and nurse-completed RCSQs, we used linear, logistic, and multinomial regression for continuous, binary, and categorical variables, respectively; these regression analyses were adjusted for within-patient clustering using a robust variance estimate. A two-sided p <0.05 was used to denote statistical significance. All analyses were performed using STATA version 13.1 (StataCorp LP, College Station, TX, USA). An institutional review board (IRB) chair at Johns Hopkins University reviewed this MICU-wide sleep project and determined that it did not require patient consent or full IRB review.
Results
Patient demographics and ICU variables
During this project, 386 consecutive unique patients were admitted to the MICU, accounting for 2020 patient-days. To examine the association of sleep quality with PT participation, we analyzed a subset of 327 patients, contributing 1372 patient-days, for which there was a valid sleep quality assessment on the night prior to evaluation for PT intervention (Fig. 1) .
Comparison of the 327 patients with at least one patient-day included in the multinomial Markov model versus the 59 patients with no eligible patient-days Percentage totals refer to the total number of patient-days and patients during the study period; individual values may not total 100 % due to rounding demonstrated no significant differences in age, gender, pre-ICU ambulatory status, admission diagnosis category, average sleep quality, ICU length of stay, and receipt of mechanical ventilation, benzodiazepine boluses, or sedation infusions (Table 1) . However, as expected, the patients excluded from this analysis were less likely to ever be delirious, more likely to ever be comatose, and more likely to die in the ICU or hospital.
Patient participation in physical therapy interventions
For days when patients participated in PT interventions, they were eligible to participate on 68 % of subsequent days, with 53 % and 15 % continuing or discontinuing participation, respectively (Table 2) . Among days when patients were eligible but did not participate in PT interventions, they participated on 23 % of subsequent days and continued to not participate on 47 % of days.
Sleep quality
When comparing nightly RCSQ ratings prior to patientdays with vs. without participation in PT interventions, there was no significant difference in overall sleep quality (median [IQR] 56 vs. 58 , p = 0.69), or in any of the five individual RCSQ sleep quality items. Table 4 ). Between these two groups, baseline characteristics were generally similar; however, as expected, among intensive care variables, nurse-completed RCSQ assessments were more common while patients were mechanically ventilated, delirious and receiving benzodiazepine and/or opioid infusion (Appendix Table 4 ).
Factors related to participation in PT interventions
Our regression analysis demonstrated no association between sleep quality and daily participation in PT interventions (RRR 1.02, 95 % confidence interval (CI) 0.96-1.07 per 10 points on RCSQ, p = 0.55) ( Table 3) ; we observed a similar result in a sensitivity analysis including only RCSQs scores completed by patients (RRR 1.05, 95 % CI 0.98-1.14 per 10 points on RCSQ, p = 0.15). However, our analysis demonstrated a significant negative association with participation in PT interventions among patients who had received opioid boluses (RRR 0.68, 95 % CI 0.47-0.99, p = 0.04), and patients who had received a sedation infusion (RRR 0.58, 95 % CI 0.40-0.85, p = 0.01). Additionally, race other than white or black (RRR 0.54, 95 % CI 0.30-0.90, p = 0.047) and non-ambulatory status prior to hospitalization (RRR 0.48, 95 % CI 0.27-0.84, p = 0.01) were associated with not participating in PT interventions. Finally, we found no association of mechanical ventilation and participation in PT interventions (RRR 1.10, 95 % CI 0.75-1.61, p = 0.64).
We observed a statistically significant interaction (p = 0.03) between delirium and receipt of benzodiazepines via bolus dosing, necessitating the inclusion of an interaction term in our multinomial model (Table 3) . Compared to patients who did not receive a benzodiazepine bolus and had normal mental status, the relative risk of subsequently participating in PT interventions was lower among both delirious patients who did not receive and who did receive benzodiazepine bolus doses (RRR 0.56, 95 % CI 0.41-0.76, p <0.001, and 0.25, 95 % CI 0.13-0.50, p <0.001, respectively). However, participating in PT interventions did not differ among non-delirious patients receiving vs. not receiving benzodiazepine bolus doses (RRR 1.50, 95 % CI 0.88-2.54, p = 0.13).
Discussion
As part of a prospective QI project to improve sleep in a medical ICU, we evaluated whether perceived sleep quality, delirium, and sedation were associated with subsequent patient participation in PT interventions in the ICU. In our analysis of 327 patients over 1372 ICU days, we found no association between daily perceived sleep quality ratings and participation in PT interventions on the following day. However, sedation infusions, opioid boluses, and delirium in the ICU, particularly when occurring along with benzodiazepine boluses, were strongly associated with patients not participating in PT interventions on the following day.
This analysis was motivated by prior studies in non-ICU patients demonstrating [35] [36] [37] [38] [39] [40] lower levels of physical functioning following poor sleep in both chronically ill [22] and elderly adults [21, 41, 42] . These findings suggest that sleep may affect patient participation in physical therapy [43] , and that poor sleep might affect ICU outcomes by impairing participation in PT interventions in the ICU setting [23] .
In our analyses, we did not observe an association between daily perceived sleep quality and subsequent participation in PT interventions. This result is consistent with a study demonstrating no association between sleep and physical activity in elderly patients in a general medicine unit [44] , suggesting that more (15) 72 (13) 94 (17) 2 (0) 8 (1) 557 (100) Did not participate in PT c 146 (23) 295 (47) 57 (9) 95 (15) 16 (3) 21 (3) 630 (100) Ineligible to participate in PT d
91 (42) 28 (13) 26 (12) 68 (31) 1 (0) 5 (2) 219 (100) No RCSQ assessment e 95 (15) 406 (66) 33 (5) 36 (6) 44 (7) 0 (0) 614 (100) Total 629 (31) 813 (40) 188 (9) 293 (15) 63 (3) 34 (2) Includes patient-days when order for PT was not placed, PT staff were unavailable, or when patient was admitted to the ICU after 2 pm (too late for PT intervention) e Of 614 patient-days when no RCSQ assessment was performed, patients were ineligible for assessment on 417 (68 %) patient-days due to comatose status. On 197 (32 %) patient-days, the RCSQ was incomplete or not performed severe illness, or unmeasured confounders in the inpatient environment, may blunt the positive effects of sleep quality on physical activity. Additionally, we used the RCSQ to measure perceived sleep quality, given its previous validation in the ICU setting [27] . However, prior studies associating sleep and subsequent physical activity utilized other methods to quantify sleep, such as actigraphy [41, 42] and the Pittsburgh Sleep Quality Index [21, 22] . These differences in methodology for sleep measurement may have also contributed to variability in results. Notably, we found that patients with delirium had decreased participation in PT interventions. This finding builds on prior studies that have observed that patients with greater organ dysfunction and oxygen requirements [19, 45] experience delays in participation in PT interventions. One of these studies also reported delayed participation in PT among patients with deep sedation/coma [19] , but was underpowered to detect a similar association in patients with delirium. Hence, this analysis makes an important new contribution in demonstrating an independent negative association of delirium with participating in PT interventions.
Furthermore, our analysis did not reveal an association between receiving mechanical ventilation and participation in PT interventions, contrasting with previous work [19] . Prior studies report that mechanically ventilated patients rarely participate in PT interventions [1, 3] despite evidence that doing so is safe [8] [9] [10] [11] [12] and may be beneficial [9, 10, 15] . Our analysis empirically demonstrates that mechanical ventilation alone may not impede patient participation with PT interventions, but sedation and delirium, commonly co-occurring with mechanical ventilation, may be the underlying important barriers to PT interventions [1] . Our findings are consistent with prior research demonstrating that continuous infusions of sedative medications negatively affect delivery of PT interventions in ICU patients [18, 45] . Additionally, our analyses demonstrated a negative association with participation in PT interventions with opioid boluses and with benzodiazepine boluses given in the presence of delirium. Since these bolus medications are often given in the setting of pain and anxiety, future studies should specifically examine the association of these specific symptoms with participation in PT interventions. Nevertheless, our findings support recent clinical practice guidelines suggesting fewer negative consequences of non-opioid and nonbenzodiazepine sedation regimens [46] , and that the use of sedation medications and delirium may be modifiable barriers to improving rehabilitation in the ICU setting.
Finally, among the baseline variables included in our model, we found that patients with a race other than white or black were less likely to participate in PT interventions. This was an unexpected finding. However, because only 16 (5 %) of the 327 patients in our analysis were neither white nor black, there is little data supporting this finding. On the other hand, as expected, patients who were not ambulatory prior to ICU admission (i.e., those with greater baseline functional impairment) were less likely to participate in PT interventions, possibly highlighting a patient subset with differing requirements or goals for PT interventions in the ICU.
Our analysis has several potential limitations. First, we analyzed participation in PT interventions as a binary variable (i.e., having occurred or not occurred), potentially missing any potential association between sleep quality with the degree of participation in PT interventions (i.e., better sleep quality may have permitted higher level interventions to be performed).
Second, we used the RCSQ to assess sleep quality, as it had previously been validated against polysomnography (PSG) in the ICU setting [27] and was feasible to collect daily in all ICU patients. However, in our study, when patients were delirious or unable to complete the RCSQ, the nurses completed the RCSQ on the patient's behalf. While prior studies have found high patient-nurse agreement on the RCSQ [28, 29] , a separate sub-analysis conducted as part of our sleep QI project found that our MICU nurses tended to overestimate sleep quality on the RCSQ [47] , potentially biasing our results. However, a sensitivity analysis including only patient-reported RCSQ scores demonstrated similar findings to our primary results which helps to minimize this concern. Nonetheless, future studies in this field should explore other measures of sleep.
Third, there was missingness in the RCSQ data. However, these missing data represented <10 % of all patientdays included in the analysis, and given that the association of sleep quality with subsequent participation in PT did not trend toward significance, these missing data likely would not have materially changed our overall findings.
Fourth, in evaluating the effect of opioid and benzodiazepine medications, we did not have access to daily drug dosages, thus limiting our ability to evaluate a dose-dependent interaction. Fifth, generalizability of our findings may be limited, as this project involved a single MICU with a pre-existing structured early rehabilitation program [10, 48] .
Conclusions
In this prospective study in a MICU, we did not observe an association between perceived sleep quality and subsequent participation in PT interventions. However, sedation infusions, opioid boluses, delirium, and benzodiazepine boluses (in the presence of delirium) all significantly decreased subsequent participation in PT interventions, representing important modifiable barriers to optimizing patient participation in rehabilitation in the ICU. These findings provide additional rationale and support for ICU clinical practice guidelines recommending minimization of sedating medications and delirium prevention efforts. 
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